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METHODS FOR EVALUATING ROCK
PROPERTIES WHILE DRILLING USING
DRILLING RIG-MOUNTED ACOUSTIC
SENSORS

RELATED APPLICATIONS

This application 1s a continuation of U.S. patent applica-

tion Ser. No. 13/554,470, filed on Jul. 20, 2012, titled
“Methods For Evaluating Rock Properties While Drilling
Using Drilling Rig-Mounted Acoustic Sensors,” which
claims priority to and the benefit of U.S. Provisional Patent

Application No. 61/539,213, filed on Sep. 26, 2011, titled
“Methods For Evaluating Rock Properties While Drilling
Using Drilling Rig-Mounted Acoustic Sensors,” the contents
both of which are incorporated herein by reference 1n their

entireties. This application is related to U.S. patent applica-
tion Ser. No. 13/554,369, filed on Jul. 20, 2012, titled

“Methods of Evaluating Rock Properties While Drilling
Using Downhole Acoustic Sensors and a Downhole Broad-

band Transmitting System™; U.S. patent application Ser. No.
13/554,019, filed on Jul. 20, 2012, titled “Apparatus, Com-

puter Readable Medium, and Program Code for Evaluating
Rock Properties While Drilling Using Downhole Acoustic

Sensors and Telemetry System”; U.S. patent application Ser.
No. 13/553,958, filed on Jul. 20, 2012, titled “Methods of

Evaluating Rock Properties While Drilling Using Downhole
Acoustic Sensors and Telemetry System™; U.S. patent appli-
cation Ser. No. 13/554,298, filed on Jul. 20, 2012, titled
“Apparatus for Evaluating Rock Properties While Drilling

Using Drilling Rig-Mounted Acoustic Sensors™; U.S. patent
application Ser. No. 13/554,0°77, filed on Jul. 20, 2012, titled

“Apparatus, Program Product, and Methods of Evaluating
Rock Properties While Drlling Using Downhole Acoustic
Sensors and a Downhole Broadband Transmitting System”™;
U.S. Provisional Patent Application No. 61/539,201, titled
“Apparatus For Evaluating Rock Properties While Drilling
Using Drilling Rig-Mounted Acoustic Sensors,” filed on
Sep. 26, 2011; U.S. Provisional Patent Application No.
61/539,165, titled “Apparatus And Program Product For
Evaluating Rock Properties While Drilling Using Downhole
Acoustic Sensors And Downhole Broadband Transmitting,
System,” filed on Sep. 26, 2011; U.S. Provisional Patent
Application No. 61/539,171, titled “Methods Of Evaluating,
Rock Properties While Drilling Using Downhole Acoustic
Sensors And A Downhole Broadband Transmitting System,”
filed on Sep. 26, 2011; U.S. Provisional Patent Application
No. 61/539,242, titled “Apparatus And Program Product For
Evaluating Rock Properties While Drilling Using Downhole
Acoustic Sensors And Telemetry System,” filed on Sep. 26,
2011; and U.S. Provisional Patent Application No. 61/539,
246, titled “Methods Of Evaluating Rock Properties While
Drilling Using Downhole Acoustic Sensors And Telemetry
System,” filed on Sep. 26, 2011; the contents all of which are
incorporated herein by reference 1n their entireties.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates 1n general to hydrocarbon produc-
tion, and more particularly, to i1dentitying rock types and
rock properties 1n order to improve or enhance drilling
operations.

2. Description of the Related Art

Measuring rock properties during drilling 1n real time can
provide the operator the ability to steer a drill bit 1n the
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direction of desired hydrocarbon concentrations. In current
industrial practice and prior inventions, either resistivity or
sonic logging while dnlling (LWD) tools are employed to
guide the drill bit during horizontal or lateral drilling. The
center of these techniques 1s to calculate the locations of the
boundary between the pay zone and the overlying rock
(upper boundary), and the boundary between the pay zone
and underlying rock at the sensors location. The drill bat 1s
steered or maintained within the pay zone by keeping the
drill string, at the sensors position, in the middle, or certain
position between the upper and lower boundaries of the pay
zone. The conventional borehole acoustic telemetry system,
which transmits data at low rate (at about tens bit per
second), 1s employed to transmit the measured data to
surface.

Since the sensors are located 30-30 feet behind the drill
bit, theses conventional LWD steering tools only provide
data used 1n steering the drill bit 30-30 feet behind the drill
bit. As the result, it 1s only after the 30-50 feet that the
operator finds out 11 the selected drilling path 1s or 1s not the
desired one. Therefore, these tools are not true real-time
tools.

Some newer types of systems attempt to provide data for
steering the drll bit, at real-time, while still utilizing con-
ventional borehole telemetry systems (having a relatively
slow bit rate). Such systems, for example, are described as
including a downhole processor configured to provide
downhole on-site processing of acoustic data to interpret the
lithologic properties of the rock encountered by the drill bat
through comparison of the acoustic energy generated by the
drill bit during drilling with predetermined bit characteristics
generated by rotating the drill bit 1n contact with a known
rock type. The lithologic properties interpreted wvia the
comparison are then transmitted to the surface via the
conventional borehole telemetry system. Although provid-
ing data 1n a reduced form requiring only a bit rate speed, as
such systems do not provide raw data real-time which can be
used for turther analysis, 1t 1s nearly impossible to construct
additional interpretation models or modily any interpreta-
tion models generated by the downhole processor. Further,
they require additional and potentially expensive hardware
that must be positioned between the drill bit and the drill
string.

Some newer types of borehole data transmitting systems
utilize a dedicated electronics unit and a segmented broad-
band cable protected by a reinforced steel cable positioned
within the drill pipe to provide a much faster communication
capability. Such systems have been employed into conven-
tional LWD tools to enhance the resolution of the logged
information. However the modified tools still measures rock
properties at the similar location which 1s 30-50 feet behind
the drll bit.

Looking outside the field, some seismic signal technology
includes utilization of a vibration sensor positioned on a
mud swivel to pick up the seismic signal generated by drill
bit drilling the rocks. It 1s understood, however, that such a
position does not provide for suflicient reception of the pilot
signal. Another form of seismic signal technology provides
a dedicated coupling connector encircling the drill pipe at a
location near the mud swivel to carry vibration sensors. The
strength of seismic signal may be weakened due to 1its
travelling through the connector to the vibration sensors.
Besides requiring the addition of the coupling connector
which comprises an annular stator/retaining ring enclosing
an 1sulating rotor, such technology requires the signal to be
transferred externally through a combination rotor-stator-
brush wiper engagement methodology. Studies have dem-
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onstrated that signal accuracy 1s reduced by this transmis-
sion method. Both these two technologies are designed for

rotary table type drill rigs which have almost been phased
out by a new type of top drive dnll nigs.

Accordingly, recognized by the mnventor 1s the need for
apparatus, computer readable medium, program code, and
methods of 1dentifying rock properties during operational
drilling that can be used 1n real-time steering of the drilling
bit during the operational drilling, and more particularly,
apparatus specifically designed to fit top drive type drill rigs
and having acoustic sensors strategically positioned on the
drill ng to maximally pick up the drilling sound which 1s
generated by drill bit biting the rocks (hereafter termed as
drilling acoustic signals), a signal transmitting system to
transmit signals at high accuracy, and a computer/processor
positioned to receive acoustic signals from the acoustic
sensors and configured to process the acoustic signals and
evaluate lithology type and other petrophysical properties of
the rock that 1s currently in contact with an operationally
employed drilling bit, in real-time utilizing acoustic inifor-
mation contained within the acoustic signals and/or evalu-
ated characteristics of the acoustic signals. Also recognized
1s the need for methods of employing the apparatus.

SUMMARY OF THE INVENTION

In view of the foregoing, various embodiments of the
present invention advantageously provide apparatus, com-
puter readable medium, program code, and methods of
identifying rock properties of rock during drilling that can be
used 1n real-time steering of the drilling bit during drilling,
and more particularly, methods of providing and deploying
apparatus having acoustic sensors configured to be strategi-
cally positioned on a drill nng to maximally pick up the
drilling sounds, a signal transmitting system to transmit
signals at high accuracy, and a computer/processor config-
ured to evaluate lithology type and other petrophysical
properties of the rock that 1s currently in contact with an
operationally employed drilling bit, 1n real-time, utilizing
information contained within acoustic signals received from
the acoustic sensors. Various embodiments of the present
invention also provide for the construction/assembly and
configuration of the required apparatus.

According to various embodiments of the present inven-
tion, utilizing raw acoustic sensor data, the computer can
advantageously function to derive a frequency distribution
of the acoustic sensor data, derive acoustic characteristics,
and determine petrophysical properties of rocks. The acous-
tic characteristics can advantageously further be used to
identify the lithology type of the rock encountered by the
drill bit, to determine the formation boundary, and to deter-
mine an optimal location of the casing shoe, among other
applications. According to various embodiments of the
present invention, to determine petrophysical properties of
the rock directly from the raw acoustic sensor data signal
(generally after being converted into the frequency domain
and filtered), a petrophysical properties evaluation algorithm
can be derived from acoustic sensor data and correspondent
petrophysical properties of formation rock samples. Further,
according to various embodiments of the present invention,
having the lithology type and/or petrophysical properties of
presently encountered rock, the driller can steer the dnll to
tollow the desire path more accurately than conventionally
achievable.

Various embodiments of the present invention can provide
methods of identifying rock properties of rock, 1n real-time,
during operational drilling, which include providing and
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deploying both conventional components and additional/
enhanced acoustic components. Some primary conventional
components of the apparatus include a drill string containing
a plurality of drill pipes, a drill bit connected to the down-
hole end of the dnll string, and a drive system including a
driveshaft for rotating the drill string having both rotating
and stationary portions. The additional/acoustic components
can include an acoustic signal recording and transmitting
system comprising one or more acoustic sensors strategi-
cally positioned at surface to detect drill sounds emanating
from the drnll bit and the rock encountered during drilling
operations, an inductive telemetry, wireless telemetry, or
wired transmitting system, and a computer to analyze the
acoustic signals recerved from the acoustic sensors through
the respective transmitting system.

Various embodiments of the methods can also include
both computer employable steps (operations) as described
later with respect to the operations performed by various
teatured apparatus/program code, and various non-computer
implemented steps which provide substitutable replace-
ments for the featured computer implemented steps, in
conjunction with additional non-computer implemented
steps as described below and/or as featured 1n the appended
claims. Examples of various embodiments of the method are
described below.

According to an embodiment of a method of 1dentifying
properties ol rock 1n a formation in real-time during drilling,
the method can include the steps of providing an acoustic
signal recording and transmitting system including an acous-
tic sensor and a transmitting system, connecting the acoustic
sensor to a drive shaft of a drill rig or an extension of the
driveshatt, and operably coupling a computer to one or more
components of the acoustic signal recording and transmit-
ting system to establish communications therebetween. The
steps can also 1include sending sampling commands to a data
acquisition unit, receiving an acoustic sensor data signal
from the acoustic signal recording and transmitting system,
and analyzing the acoustic sensor data signal to determine,
real-time, lithology type and/or one or more petrophysical
properties ol rock engaged by the drill bit during drilling
operations. The acoustic sensor data signal represents an
acoustic signal generated real-time by the acoustic sensor as
a result of rotational contact of the drill bit with rock during
drilling.

According to an embodiment of the drilling rig/drive
shaft, the drive shaft has a plurality of extensions including
a packing box which rotates with the drive shaft, an upper
bearing cup positioned adjacent the packing box and being
stationary with respect to the drnive shaft, and a rotary
mamifold which 1s stationary relative to the drive shaft
during drilling.

According to an embodiment of the method, the step of
connecting the acoustic sensor includes connecting the
acoustic sensor to the packing box or connecting the acous-
tic sensor to an outer surface of the drive shaft, for example,
at a location between a rotary manifold (operably coupled to
and encircling a portion of the drive shaft) and a joint
connecting the drive shait to the drill string, to maximally
pick up drill sounds of the drnll bit engaging rock during
drilling operations. When more than one acoustic sensor 1s
provided, a first acoustic sensor can be connected to the
packing box and a second acoustic sensor can be connected
to the drive shaft.

According to an embodiment of the method, the step of
connecting the acoustic sensor includes connecting the
acoustic sensor to an upper surface of the upper bearing cup
or a lower surface of the rotary manifold to at least sub-
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stantially maximally pick up drill sounds of the drill bat
engaging rock during drilling operations. When more than
one acoustic sensor 1s provided, a first acoustic sensor can be
connected to the upper bearing cup and a second acoustic
sensor can be connected to the rotary manifold.

According to an embodiment of the acoustic signal
recording and transmitting system, the transmitting portion
of the system comprises an inductive telemetry system,
which can transmit signals at high accuracy. An example of
a suitable inductive telemetry system includes a rotating
induction loop encircling a portion of the packing box, a
stationary pickup configured to receive an acoustic signal
from the acoustic sensor through an electromagnetic cou-
pling with the rotating induction loop and to supply electric
power to the acoustic sensor via the electromagnetic cou-
pling between the induction loop and the pickup, a receiver
positioned to recerve the acoustic signal from the pickup and
to transmait the acoustic signal to a data acquisition unit, and
a data acquisition unit which samples the acoustic signal and
digitizes the sampled signal and then sends the digitized
signal (data) to the computer.

According to another embodiment of an inductive telem-
etry system, the inductive telemetry system includes a
rotating induction loop encircling a portion of the drive shaft
or a cylindrically shaped rotating component adjacent to the
acoustic sensor, a stationary pickup configured to receive an
acoustic signal from the acoustic sensor through an electro-
magnetic coupling with the rotating induction loop and to
supply electric power to the acoustic sensor via the electro-
magnetic coupling between the induction loop and the
pickup, a receiver positioned to recerve the acoustic signal
from the pickup and to transmit the acoustic signal to a data
acquisition unit, and a data acquisition unit which samples
the acoustic signal and digitizes the sampled signal and then
sends the digitized signal (data) to the computer.

According to another embodiment of the acoustic signal
recording and transmitting system, the transmitting portion
of the system comprises a wireless telemetry system, which
can transmit signals at high accuracy. An example of a
suitable wireless telemetry system includes a wireless trans-
mitter operably connected to or integral with the acoustic
sensor to thereby define a wireless acoustic sensor, a wire-
less gateway configured to receive an acoustic signal from
the wireless acoustic sensor and to transmit the acoustic
signal or a digitized form of the acoustic signal to the
computer, and optionally a data acquisition umt between the
gateway and the computer. A data acquisition unit 15 gen-
crally only employed if the gateway or the receiver of the
wireless acoustic sensor does not include components which
can perform the function of digitizing the acoustic signals.
In this case, the data acquisition unit digitizes the acoustic
signal recerved from the gateway and transmuits the digitized
form to the computer.

According to another embodiment of the acoustic signal
recording and transmitting system, the transmitting system
portion of the system comprises a wired transmitting system,
which 1s the most accurate data transmitting method. An
example of a suitable wired transmitting system includes a
data acquisition unit configured to sample and digitize
acoustic signals received from the acoustic sensor and to
send the digitized acoustic signals to the computer, and a
wire extending between the acoustic sensor and the data
acquisition umt, secured, for example, inside a service loop
of a drill ng supporting the drive shatft.

According to an embodiment of the method, the step of
analyzing can include the steps of deriving a frequency
distribution from acoustic data contained within the acoustic
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sensor data signal, and correlating the frequency distribution
of the processed acoustic sensor data signal to identify,
real-time, the lithology type of rock engaged by the drnll bit
during drilling operations. The step of deriving a frequency
distribution includes transforming the acoustic data into the
frequency domain, e.g., employing a Fast Fourier Transform
(FFT), and optionally filtering the transformed data.

The step of analyzing can also or alternatively include
deriving a plurality of acoustic characteristics from acoustic
data contained within the acoustic sensor data signal (e.g.,
mean frequency, normalized deviation of frequency, mean
amplitude, normalized deviation of amplitude, and/or appar-
ent power), and correlating the mean frequency, normalized
deviation of frequency, mean amplitude, normalized devia-
tion of amplitude, and/or apparent power, or a combination
thereof, with acoustic characteristics of a rock sample of
known lithology type to identily, real-time, the lithology
type and/or one or more petrophysical properties of the rock
engaged by the drill bit during drilling operations.

The step of analyzing can also or alternatively include
deriving a petrophysical properties evaluation algorithm to
predict one or more petrophysical properties ol rock
engaged by the drill bit during drilling operations, encoding
the derived petrophysical properties evaluation algorithm in
a computer program, and employing the computer program
encoding the derived petrophysical properties evaluation
algorithm to predict the one or more petrophysical properties
of rock engaged by the drll bit during dnlling operations
from the acoustic data contained within the acoustic sensor
data signal.

According to various embodiments of the present mnven-
tion, apparatus for identifying rock properties, 1n real-time
during dnilling, are also provided. According to various
configurations, the apparatus can include a drill bit engaging
rock during drilling, a drll string and drive shait providing
media for translating vibrations/acoustics caused by the
engagement of the dnll bit with rock, an acoustic signal
recording and transmitting system including one or more
acoustic sensors strategically positioned at surface to detect
drill sounds emanating from the drnll bit and the rock
encountered during drilling operations, an inductive telem-
etry, wireless telemetry, or wired transmitting system includ-
ing media for transmitting an amplified acoustic sensor
signal, and a computer/processor positioned and/or config-
ured to receive the acoustic sensor signal and to analyze the
acoustic signals received from the acoustic sensors through
the respective transmitting system and to identify/derive the
rock type and/or properties of the rocks 1n real-time.

An amplified acoustic sensor 1s an acoustic sensor having
an amplifier connected to or integral with the sensor. The
acoustic sensors can include, for example, accelerometers,
acoustically insulated measurement microphones or contact
microphones connected to select components of a drilling
rig to maximally pick up the drill sounds resulting from the
dri1ll bit engaging rock during drilling operations. The select
locations can include strategic positions on a packing box, a
rotary manifold, an upper bearing cup, or the drive shaft
(depending upon the type of sensor or data interface con-
nection used), which allows the sensors to maximally or at
least substantially maximally pick up the vibrations/acous-
tics, depending upon the type of transmitting system
employed. In this exemplary configuration, all acoustic
sensors are amplified acoustic sensors. “Amplified acoustic
sensor” 1s heremnatter referred to as “acoustic sensor” for the
simplicity.

According to an embodiment of the acoustic signal
recording and transmitting system, the transmitting system
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portion comprises an inductive telemetry system having one
or more amplified acoustic sensors attached to the drive
shaft and/or a packing box which rotates with the drive shatt.
According to a first implementation, the inductive telemetry
system 1ncludes a rotating induction loop wrapped around
the packing box, a stationary pickup configured to receive an
acoustic signal from an acoustic sensor through an electro-
magnetic coupling (induction) with the rotating induction
loop and to supply electric power to the acoustic sensor via
the electromagnetic coupling between the induction loop
and the pickup. The inductive telemetry system also includes
a recerver and a data acquisition unit. The receiver 1is
positioned to receive the acoustic signal from the pickup and
to transmit the acoustic signal/acoustic sensor data signal to
the data acquisition unit which samples and digitizes the
signal and then send the digitized signal (data) to a computer
configured to process the acoustic signals provided by the
acoustic sensors. According to another implementation, one
or more acoustic sensors are also or alternatively connected
directly to the drive shaft or some other rotating extension of
the drive shaft located between the rotary manifold and the
joint between the drive shait and the drill string, and the
induction loop 1s wrapped around the drive shaft or an
adjacent cylindrically shaped rotating component accessible
to a pickup.

According to another embodiment of the transmitting
system, the transmitting system comprises a wireless telem-
etry system including a wireless transmitter connected to or
integral with the acoustic sensor to define a wireless acoustic
sensor. According to a first implementation, the wireless
acoustic sensor 1s connected to the packing box or directly
to the drive shait between the rotary manifold and the joint
between the drive shait and the dnll string. According to
another implementation, when there 1s more than one wire-
less acoustic sensor, wireless acoustic sensors can be con-
nected to both the packing box and the drnive shaft. The
wireless telemetry system also includes a wireless receiver
positioned to recerve an acoustic signal/acoustic sensor data
signal from the wireless acoustic sensor and 1s configured to
transmit an acoustic sensor data signal to the computer, and
optionally a data acquisition unit between the gateway and
the computer. A data acquisition unit 1s generally only
employed i1 the receiver or the transmitter of the wireless
acoustic sensor does not include components which can
perform the function of digitizing the acoustic signals. In
this case, the data acquisition unit digitizes the acoustic
signal recerved from the gateway and transmuits the digitized
form to the computer.

According to another embodiment of the transmitting
system, the transmitting system comprises a wired transmit-
ting system 1ncluding a first electrical or fiber-optic conduc-
tor connected between the acoustic sensor and a data acqui-
sition unit, and a second electrical or fiber-optic conductor
connected between the data acquisition unit and the com-
puter. According to an implementation the wired configu-
ration, the acoustic sensor 1s connected to the upper bearing
cup located adjacent the packing box or the rotary manifold
located above the remotely controlled valve. The positioning
of the acoustic sensor on the upper bearing cup 1s generally
preferred as it remains stationary. Positioning of the acoustic
sensor on the rotary manifold, however, 1s acceptable as 1t
generally remains stationary except during pipe deployment
operations.

According to an embodiment of the apparatus, the afore-
mentioned computer includes a processor, memory in com-
munication with the processor, and a petrophysical proper-
ties analyzing program, which can adapt the computer to
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perform various operations. The operations can include, for
example, sending sampling commands to a data acquisition
unit, recerving an acoustic data signal from the respective
transmitting system, processing the acoustic sensor data
signal—deriving a frequency distribution of the acoustic
data contained within the acoustic sensor data signal,
employing an acoustics characteristics evaluation algorithm
to thereby derive acoustic characteristics from the acoustic
sensor data signal (e.g., via analysis of the processed acous-
tic data), and employing a petrophysical properties evalua-
tion algorithm to thereby derive petrophysical properties of
rock undergoing drilling, real-time, from the acoustics data.

According to an embodiment of the apparatus, the acous-
tic characteristics evaluation algorithm evaluates filtered
Fast Fourier Transform data for acoustic characteristics. The
acoustic characteristics can include mean frequency, nor-
malized deviation of frequency, mean amplitude, normal-
1zed deviation of amplitude, and/or apparent power. These
characteristics can be predetermined for rock samples hav-
ing a known as lithology type and/or petrophysical proper-
ties, and thus, can be used to i1dentify lithology type and
other properties by comparing such characteristics of the
acoustic data received during drilling to that determined for
the rock samples. According to another embodiment of the
apparatus, the computer uses the derived acoustic charac-
teristics to determine formation boundaries and/or an opti-
mal deployment location of a casing shoe based on real-time
detection of changes in the lithology type of the rock being
drilled and/or petrophysical properties thereof.

According to an exemplary configuration, the petrophysi-
cal properties evaluation algorithm evaluates filtered Fast
Fourier Transform data for the petrophysical properties. This
petrophysical property data can advantageously be applied
by applications to include drill bit steering, real-time lithol-
ogy type identification, formation boundary determination,
casing shoe position fine-tuning, etc.

Various embodiments of the present mvention advanta-
geously supply a new approach for a much better drilling
steering. Advantageously, various embodiments of the pres-
ent mvention provide apparatus and methods that supply
detalled information about the rock that 1s currently in
contact with the drilling bit, which can be used in real-time
steering the drilling bit. That 1s, various embodiments of the
present invention provide an employable methodology of
retrieving a suilicient level of information so that the driller
always know the rock he is drilling, so that the drilling bat
can be steered to follow the desire path more accurately than
conventionally achievable. In comparison with conventional
drilling steering tools, the real-time data provided by various
embodiments of the present invention advantageously allow
the driller to drill smoother lateral or horizontal wells with
better contact with the production zone, detection of forma-
tion boundaries, and detection of the fractured zones, which
can advantageously result in better well production, and
further analysis on raw sensor data, if necessary.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner 1n which the features and advantages
of the invention, as well as others which will become
apparent, may be understood 1n more detail, a more particu-
lar description of the invention briefly summarized above
may be had by reference to the embodiments thereof which
are 1llustrated 1n the appended drawings, which form a part
of thus specification. It 1s to be noted, however, that the
drawings 1llustrate only various embodiments of the inven-
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tion and are therefore not to be considered limiting of the
invention’s scope as it may include other effective embodi-

ments as well.

FIG. 1 1s a partial perspective view and partial schematic
diagram of a general architecture of an acoustic signal
analyzing apparatus for identifying rock properties 1n real-
time during drilling according to an embodiment of the
present invention;

FIG. 2 1s a sectional view of major components of an
example of a dnll rig, which are located around the drive
shaft;

FI1G. 3 1s a part sectional view and part schematic diagram
illustrating major components of an inductive telemetry
system according to an embodiment of the present mnven-
tion;

FI1G. 4 1s a part schematic diagram and part sectional view
of a portion of an inductive telemetry system according to an
embodiment of the present invention;

FIG. 5 1s a plane view of the portion of the inductive
telemetry system and part schematic diagram according to
an embodiment of the present invention;

FIG. 6 1s a part sectional view and part schematic diagram
illustrating major components of a wireless telemetry system
according to an embodiment of the present invention;

FIG. 7 1s a part sectional view and part schematic diagram
illustrating major components of a wired transmitting sys-
tem according to an embodiment of the present invention;

FIG. 8 1s a schematic diagram 1llustrating major compo-
nents and functions of a computer program according to an
embodiment of the present ivention;

FIGS. 9A-9B are graphs illustrating examples of a ire-
quency distribution of two types of limestone produced
according to an embodiment of the present invention;

FIG. 10 1s a graph 1llustrating a three dimensional depic-
tion of the frequency distribution in correlation with various
lithology types according to an embodiment of the present
invention; and

FIG. 11 1s a graph illustrating a comparison of mean
frequency and normalized deviation of frequency correlated
with a plurality of lithology types according to an embodi-
ment of the present invention.

DETAILED DESCRIPTION

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings,
which 1llustrate embodiments of the mnvention. This mven-
tion may, however, be embodied in many different forms and
should not be construed as limited to the 1llustrated embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the mvention to those
skilled in the art. Like numbers refer to like elements
throughout. Prime notation, 1f used, indicates similar ele-
ments 1 alternative embodiments.

When drilling into different lithologies or the same lithol-
ogy with different properties (e.g., lithology type, porosity,
water saturation, permeability, presence of fractures, etc.)
the generated acoustic sounds emanating from the drill bit
and contacted rock, are distinctly different. The sounds,
termed as drilling acoustic signals, transmit upward along
the dnill string. According to various embodiments of the
present mnvention, drilling acoustic signals transmit from the
drill string to the drive shaift, to the bearings, to the con-
nected metal parts, and are then picked up by one or more
acoustic sensors attached directly to the drive shaft or an
extension of the drive shaft. The drilling acoustic signals
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recorded by the sensors are transmitted (generally after
amplification) to a computer. The lithology type and petro-
physical properties of the rock under drilling are derived
from the drilling acoustic signals.

According to various embodiments of the present mnven-
tion, the recerved acoustic signals are transformed into the
frequency domain using, for example, a Fast Fourier Trans-
formation (FFT) to generate FFT data. Some acoustic char-
acteristics can be derived directly from the FFT data. The
frequency distribution and acoustic characteristics can be
used mmmediately 1 some applications, such as, for
example, lithology type 1dentification and formation bound-
ary determination. The FFT data and acoustic characteristics
data can be further analyzed using a calibrated mathematical
model for the lithology type and petrophysical properties,
which have wider applications than the frequency distribu-
tion and acoustic characteristics.

Where other logging while drilling tools erther provide a
substantial delay in the time between the drilling of a rock
and the provision of information, provide a reduced amount
ol information to the surface, or provide msuthlicient signal
strength, various embodiments of the present invention
provide a acoustic signal having suflicient signal strength
and provide a complete set of raw acoustic sensor data to a
surface-based computer, real-time, which can derive infor-
mation about lithology type at a position located at the
cutting surface of the drill bit, to correspondingly provide
such information, in real time, to the operator steering the
drill bit. This advantage makes aspects of various embodi-
ments of the present invention ideal 1n the application of
horizontal and lateral well drill steering, locating the relative
position for setting the casing shoe, detecting fractured
zones, and interpreting rock lithologies and petrophysical
properties 1n real time.

FIG. 1 schematically illustrates an exemplary acoustic
signals analyzing apparatus 30 for identitying rock proper-
ties 1n real-time during dnlling according one or more
embodiments of the present mmvention, which employs an
acoustic signal recording and transmitting system (described
in detail below) on a top drive dnll rig 31. Note, the
illustrated top drive drill rig 31 1s but one example of a drill
rig that can be modified to employ one or more embodiments
of the acoustic signals analyzing apparatus 30. Other drilling
systems having a dnive shait can be utilized. Further,
described below, are various embodiments of an acoustic
signal recording system. FIG. 2 shows a generic top drnive
104 according to an embodiment of the drilling rig 31 shown
in FI1G. 1, illustrating the major components around the drive
shaft 103. FIGS. 3-7 illustrate various transmitting system
type-dependent acoustic sensor modifications to the top
drive 104 positioned to maximally pick up the drill sounds
of the drill bit 101 engaging rock during drilling operations.

Referring to FIGS. 3-7, as the acoustic sensors 33 (1n FIG.
1) of the acoustic signals recording and transmitting sys-
tems, as described herein, are positioned in strategic loca-
tions on the upper portion of the selected drill rig (e.g., top
drive dnill ng 31 in this example), a brief description of
major parts of the drill rig 31 are described.

Referring again to FIG. 1, for a top drive drill rnig 31, the
top drive 104 1s the central component of the rig 31. The top
drive 104 1s suspended in the derrick 111 by a traveling
block 110. In the center of the top drive 104, there 1s a drive
shaft 103 which 1s connected to the top pipe of the drnll string
102 by threads. The drill string 102 runs through a conductor
pipe 107. The top drive 104 rotates the drive shait 103,
therefore the drill string 102 and the drill bit 101 to cut the
rock at the bottom of the borehole 106. The power cable
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supplying electric power to the top drive 104 1s protected
inside service loops 105. Drilling mud 1s pumped nto the
borehole through a mud line 109, a goose neck 108, the drive
shaft 103, and the dnll string 102.

FIG. 2 shows a generic top drive 104 for an embodiment
of the drilling rng 31 shown 1n FIG. 1, illustrating the major
components around the drive shait 103. As the drilling
acoustic signals are recorded or otherwise intercepted on the
drive shaft 103 or an extension of the drive shaft 103,
according to various embodiments of the present invention,
the major component around the drive shait 103 are briefly
introduced to help to understand the system setup.

According to the illustrated embodiment of the top drive
104 for the embodiment of a drilling rig 31 shown 1n FIG.
1, the drive shaft 103 and the major components around it
are suspended by the traveling block 110 (see FIG. 1)
through a thrust bearing 209. The drive shait 103 1s a
typically metal tube between a washpipe 215 and the dnll
string 102. The drive shaftt 1s kept vertical by a lower bearing
201, a rotary manifold 202, an upper bearing 203, and a
bearing cup 204. The rotary manifold 202 1s stationary
relative to the drive shait 103 during dnlling. It does,
however, rotate when making up pipes, breaking out pipes,
or drnll string tripping 1 and out of the borehole, the
operations during which the drilling 1s suspended, and thus,
continuous identification of lithology type and/or rock prop-
erties through the acoustic system/apparatus would not be
necessary. In contrast, the upper bearing cup 204 1s station-
ary all the time.

The drnive shait 103 1s rotated by a motor (not shown)
through a gear transmission system, 1n which a large gear
210 15 connected to a medial portion of the drive shaft 103.
At the bottom of the drive shait 103, the upmost piece of
pipe of the drill string 102 threads therein. The motor thus
rotates the drill string 102 and the drill bit 101 (FIG. 1)
through rotation of the drive shatt 103. At the top, the drive
shaft 103 1s connected to a washpipe 215 by a rotatable
packing box 214 which seals the connection between the
drive shait 103 and the washpipe 215. The packing box 214
1s screwed on the top of the dnive shaft 103 and rotates
together with the drive shaft 103. A stationary seal 213 1s
located below the packing box 214. A holding nut 216
connects the washpipe 215 to the goose neck 108. A manual
valve 211 and a remotely controlled valve 212 (also known
as Lower Well Control Valve, LWCV) are provided to
control blow out.

FIGS. 3-5 1llustrate the major components of an acoustic
signal recording and transmitting system 300 interfaced with
components of a top drive dnll nig 31 (FIG. 1) according to
an embodiment of the present invention. According to an
exemplary configuration, one or more acoustic sensors 301
are attached to the packing box 214, which 1s screwed on top
of the drive shaft 103 and rotates with the drive shatt 103.
Although a plurality of acoustic sensors 301 are typically
employed, for illustrative purposes only a single acoustic
sensor 301 1s shown in the figure. Acoustic sensor 301
rotates together with the drive shait 103. An amplifier 1s
either built-in or 1s connected to the acoustic sensor 301. The
received acoustic signals are amplified first before transmis-
S1011.

According to the exemplary configuration, the acoustic
signal recording and transmitting system 300 comprises an
inductive telemetry system, which includes, for example, an
induction loop 302, a pickup 303 used to transmit the
acoustic sensor signal from the acoustic sensor 301 to a
recelvet, a rece1ver 305 that transmits acoustic sensor data to
a data acquisition unit 353, and the data acquisition unit 353,
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which samples the acoustic signal and digitizes the sampled
signal and then sends the digitized signal (data) to a com-
puter 306. The induction loop 302, in conjunction with
pickup 303, can also serve to supply electric power to the
acoustic sensor 301. Electric power 1s supplied by electro-
magnetic coupling between the induction loop 302 and the
pickup 303 as will be understood by one of ordinary skill in
the art. Note, 1n the exemplary configuration, the length of
cable/wire between the pickup 303 and receiver 305 is
generally limited to keep the maintain of the acoustic signals
at a perceptible level. At receiver 303, the signals can be
amplified and then transmitted over a long distance to the
data acquisition unit 353.

According to the configuration shown i FIGS. 3 and 4,
the induction loop 302 1s wrapped around the packing box
214 and rotates together with the packing box 214. The
acoustic sensor 301 1s connected the induction loop 302 by
clectronic wire 304. The pickup 303, which provides a
stationary interface between the stationary receirver 303 and
the rotating induction loop 302, 1s correspondingly not
attached to the packing box 204 and 1t does not rotate. The
connection (e.g., electronic wire) between the recerver 303
and the data acquisition unit 353 is protected inside the
service loop 105 (FIG. 1).

Note, although attachment of the acoustic sensor 301 to
the packing box 214 can enhance ease of installation and can
provide a location to maximally pick up the drill sounds of
the drill bit 101 engaging rock during drilling operations, the
acoustic sensor 301 and the corresponding components of
the inductive telemetry system may be installed at other
locations that provide at least a near maximal pick up of the
drill sounds of the drll bit 101 engaging rock during drilling
operations. This can generally be accomplished as long as
the acoustic sensor or sensors 301 are attached directly to the
drive shaft 103 or to a direct extension of the drive shait 103
at a location where the induction loop 302 can be wrapped
around the drive shaft 103 or drive shaft extension and be
connected to the sensors 301 at a position adjacent thereto.
Note also, although different types of acoustic sensors 301
may be used, such as, for example, accelerometers, mea-
surement microphones, contact microphones, etc., when
microphones are used to receive/record the acoustic signals
from the drill bit 101 transmitting through the drilling string
102 and the drive shait 103, they should be acoustically
insulated with good msulating material to block the ambient
noise emanating from nearby components of the drilling rig
31. As such, accelerometers have been found to provide the
best ease of installation. Additionally, microphones tend to
have a higher high-frequency attenuation than that of accel-
erometers.

In operation, when the drilling acoustic signals are gen-
erated at the drill bit 101, they transmit upward through the
drill string 102, drive shait 103 and then the packing box
214. They are picked up by the acoustic sensors 301 attached
directly to the packing box 214. The drilling acoustic signals
picked up by the acoustic sensor 301 are amplified. The
amplified acoustic signals are transmitted to the induction
loop 302. From there, they are transmitted to the pickup 303
by induction. The acoustic signals are then transmaitted from
the pickup 303 to the recerver 305 through an electronic wire
304. The received signals are transmitted to a data acquisi-
tion unit 353, via an electronic wire, which samples the
acoustic signal and digitizes the sampled signal and then
transmits the digitized signal (data) to a computer 306. As
will be described 1n more detail later, the digitized acoustic
signals recerved by the computer 306 are first transformed
into frequency domain by using Fourier transformation. The
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frequency distribution data are further evaluated for acoustic
characteristics. The frequency distribution, and/or charac-
teristics of the acoustic signals may then be used to identify
lithology and to evaluate petrophysical properties of the rock
under drilling 1n real time, as described later.

FIG. 6 illustrates the major components of an acoustic
signal recording and transmitting system 320 interfaced with
components of a top drive dnll nng 31 (FIG. 1) according to
another embodiment of the present invention. According to
an exemplary configuration, a wireless acoustic sensor 321
1s attached to the drive shatt 103 and to the packing box 214,
respectively, and rotates together with the drive shatt 103.
Although multiple acoustic sensors are typically employed,
for illustrative purposes, only two separately positioned
acoustic sensors 321 are shown in the figure. Note, different
types ol acoustic sensors 321 may be used such as, for
example, accelerometers, measurement microphones, con-
tact microphones, etc. Accelerometers, however, have been
found to function the best as they have less high-frequency
attenuation and are less aflected by ambient noise then other
types of acoustic sensors, thus reducing installation require-
ments. When microphones are used to pick up the acoustic
signals, for example, they generally need to, or at least
should, be acoustically insulated with good 1nsulating mate-
rial to block the noise from drilling rig 31.

According to an exemplary configuration, each acoustic
sensor 321 includes or 1s connected to a wireless transmutter.
Between the sensor and the wireless transmitter, there 1s a
signal amplifier, which could be either a built-in type or a
separate unit. The acoustic sensor, amplifier, and wireless
transmitter are collectively termed as “wireless acoustic
sensor” arranged as one unit, separate units, or a combina-
tion thereof.

According to the exemplary configuration, the acoustic
signal recording and transmitting system 320 comprises a
wireless telemetry system, which includes, for example, the
wireless acoustic sensors 321, a gateway or other appropri-
ate type of receiver 323, and optionally a data acquisition
unit 353. The wireless telemetry system can also include one
or more repeaters 325, 1 needed, positioned between the
wireless acoustic sensors 321 and the receiver unit 323 to
relay the data from the acoustic sensors 321 if the distance
between the wireless acoustic sensors 321 and the receiver
unit 323 exceeds the maximum specified distance and/or to
improve signal strength.

According to the configuration shown 1 FIG. 6, one or
more wireless acoustic sensors 321 are attached to the
packing box 214 to maximally pick up the drill sounds of the
drill bit 101 engaging rock during drilling operations. Als
or alternatively, one or more wireless sensors are attached to
the drive shait 103. When wireless acoustic sensors 321 are
attached to the drive shaft 103 1n the drill rig 31 having the
exemplary configuration, the only available location found
to provide at least substantially maximum pick up of the dnll
sounds of the drill bit 101 engaging rock during drilling
operations with an acceptable level of ambient noise, 1s the
location 327 between the rotary manifold 202 and the joint
329 between the drive shatt 103 and the dnll string 102. FIG.
6 shows a convenient location just below the remotely
controlled valve 212 for the wireless acoustic sensors 321.

In operation, when the drilling acoustic signals are gen-
crated at the drnll bit 101, they transmit upward through the
drill string 102 and then drive shaft 103, and are picked up
by the wireless acoustic sensors 321 attached directly to the
drive shait 103 and/or the packing box 214. The drilling
acoustic signals picked by the wireless acoustic sensors 321
are digitized by the wireless acoustic sensors 321 before
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they are transmitted to the receiving unit 323 if there 1s a
built-in or external data acquisition unit 1n or coupled to the
wireless acoustic sensor 321, or the drilling acoustic signals
are digitized by a built-in or external data acquisition unit 1n
the receiving unit 323 before they are transmitted to the
computer 306 through an electrical or optical cable. The
digitized acoustic signals (data) transmitted to the computer
306 are first transformed 1nto the frequency domain by using
Fourier transformation. The frequency distribution data are
turther evaluated for acoustic characteristics. The frequency
distribution, and/or characteristics of the acoustic signals
may then be used to identity lithology and to evaluate
petrophysical properties of the rock under drilling in real
time, as described later.

FIG. 7 illustrates the major components of an acoustic
signal recording and transmitting system 350 interfaced with
components of a top drive dnll ng 31 (FIG. 1) according to
another embodiment of the present invention. According to
an exemplary configuration, one or more acoustic sensors
351 are attached to metal parts which are in close, good
contact with drive shaft 103, for example, through bearings
for maximally picking up the drill sound.

According to an exemplary configuration, the acoustic
signal recording and transmitting system 330 comprises
wired transmitting system, which includes, for example, a
data acquisition unit 353 and an electrical wire or other
conductor 355 connected to each acoustic sensor 351 and to
the data acquisition unit 353. The electronic wires 355
extending between the acoustic sensors 351 and the data
acquisition unit 353 may be arranged and secured 1nside the
service loop 105. Further, an amplifier 1s erther built-in or 1s
connected to each acoustic sensor 351. The recerved acous-
tic signals are amplified first before transmission.

As the rotary manifold 202 and the upper bearing cup 204
are 1n close, good contact with drive shait 103 through
bearings, according to an exemplary configuration, one or
more sets of acoustic sensors 351 are attached on etther of
them to at least substantially maximally pick the drilling
acoustic signals. As the upper bearing cup 204 stays sta-
tionary all the time, however, 1t 1s more management-wise
and 1nstallation-wise convenient to connect the one or more
sets of the acoustic sensors 321 to the upper bearing cup 204.

Note, although a plurality of acoustic sensors 351 are
typically emploved in each location, for illustrative pur-
poses, only a single acoustic sensor 351 at each location 1s
shown 1n the figure. Note also, although different types of
acoustic sensors 351 may be used such as, for example,
accelerometers, measurement microphones, contact micro-
phones, etc., accelerometers have been found to function the
best as they have less high-frequency attenuation and are
less aflected by ambient noise then other types of acoustic
sensors, thus reducing installation requirements. When
microphones are used to pick up the acoustic signals, for
example, they generally need to or at least should be
acoustically insulated with good 1nsulating material to block
the noise from drilling rig 31.

In operation, when the drilling acoustic signals are gen-
erated at the drill bit 101, they transmit upward through the
drill string 102 and then drive shaft 103. Since the rotary
mamnifold 202 and the upper bearing cup 204 are 1n close,
good contact with the drive shatt 103 through bearings, the
drilling acoustic signals can be picked up at least near
maximally at these two locations by the acoustic sensors
351. The dnlling acoustic signals picked up by the acoustic
sensors 351, after being amplified, are sent through elec-
tronic wires 355 to the data acquisition unit 353. The
acoustic signals are digitized by the data acquisition unit 353
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and then sent to the computer 306 for analysis. The digitized
acoustic signals are first transformed 1nto frequency domain
by using Fourier transformation. The frequency distribution
data are further evaluated for acoustic characteristics. The
frequency distribution, and/or characteristics of the acoustic
signals may then be used to identily lithology and to
evaluate petrophysical properties of the rock under drilling

in real time, as described below.

Referring to FIG. 8, digitized data 401, digitized by a data
acquisition umt associated with receiver 305, wireless
acoustic sensor 321, receiver 323, or convertor 353, depend-
ing upon the transmitting system implementation, is read by
a computer program 403 (e.g., a petrophysical properties
analyzing program), stored in memory 405 (see FIG. 1)
accessible to processor 407 of computer 306. The computer
program 403 analyzes the digitized data 401 to denive a
frequency distribution 411, acoustic characteristics 413, and
petrophysical properties 415 of the rock undergoing drilling.
The respective results, e.g., frequency distribution 411,
acoustic characteristics 413, and petrophysical properties
415, can be used 1n various applications 421, 422, 423, to
include lithology 1dentification, drill bit steering, formation
boundary 1dentification, among others. Such data along with
rock sample data, rock modeling data, etc. can be stored in
database 423 stored in either internal memory 405 or an
external memory accessible to processor 407.

Note, the computer 306 can be 1n the form of a personal
computer or 1n the form of a server or server farm serving
multiple user interfaces or other configurations known to
those skilled 1n the art. Note, the computer program 403 can
be 1n the form of microcode, programs, routines, and sym-
bolic languages that provide a specific set or sets of ordered
operations that control the functioning of the hardware and
direct its operation, as known and understood by those
skilled 1n the art. Note also, the computer program 403,
according to an embodiment of the present invention, need
not reside in 1its entirety 1n volatile memory, but can be
selectively loaded, as necessary, according to various meth-
odologies as known and understood by those skilled in the
art. Still further, at least portions of the computer program
403 can be stored 1n memory of the sensor subassembly 33
(FIG. 1) when so configured.

As 1llustrated in the figure, the digitized data 401 1s
transformed 1nto Fast Fourier Transform (FFT) data 433 by
a Fast Fourier Transformation 431. The FFT data 433,
typically filtered by a filter (not shown) to remove some
low/high frequency and/or low amplitude data points, gen-
erated from other sources, 1.e. not from the bit cutting into
the rocks. The main part of the filtered FFT data 431 1s a
frequency distribution 411, which i1s the frequency and
amplitude information of a sampled acoustic signal. Two
examples of such signal are shown in FIGS. 9A and 9B. FIG.
9A 1illustrates the frequency distribution for a limestone and
FIG. 9B illustrates the frequency distribution for a dolomuite.
A review of the frequency distribution of the two diflerent
types of carbonate 1llustrates how the frequency distribution
can be used directly to distinguish lithologies.

The filtered FFT data 433 1s used etther directly in some
applications 421, such as lithology type 1dentification, for-
mation boundaries determination, etc., represented by
example at 421. An example of such signal displaying
diagram 1s shown i FIG. 10, which illustrates results of a
laboratory experiment showing different lithologies have
different time-frequency spectrums and lithology boundaries
can be determined using the diagram. In FIG. 10, the color
represents amplitude, with color normally displayed as red
being highest (the intermixed color mostly concentrated just
below the 4000 Hz range in this example) and the color
normally displayed as blue being the lowest (the more
washed out color 1n this example).
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Also or alternatively, the filtered FFT data 431 1s further
processed by an acoustic characteristics evaluation algo-
rithm 441 and/or petrophysical properties evaluation algo-
rithm 442. According to the exemplary configuration, an
acoustic characteristics evaluation algorithm 441 1s
employed to evaluate the filtered FFT data 433 for select
acoustic characteristics 413, such as, for example, mean
frequency, normalized deviation of frequency, mean ampli-
tude, normalized deviation of amplitude, apparent power.
These acoustic characteristics for an acoustic signal sample
are defined as follows:

L Ai (1)
AV
1 A, , (2)
0f N= E EE:IE?:IAI_ (ft = u5)
1 3
a = ~Z0 A )
fl
1 (4)
_ Y/ . 2
TAN = - ~ 2= (A = pa)
P, = E?:lAzzﬁz )
wherein:

u—mean frequency, Hz,

0, y—normalized deviation of frequency, Hz,

1w ,—mean amplitude, the unit depending on the type of
acoustic sensor used in the measurement,

0, y—nhormalized deviation of amplitude, the umt
depending on the type of acoustic sensor used 1n the
measurement,

P_—apparent power, the unit depending on the type of
acoustic sensor used in the measurement,

f—frequency of the i” point of the acoustic signal
sample, Hz,

A —amplitude of the i”” point of the acoustic signal

sample, the unit depending on the type of acoustic
sensor used 1n the measurement, and

n—number ol data points of the acoustic signal sample.

The mean frequency and the normalized deviation of
frequency characterize the frequency distribution, while the
mean amplitude and the normalized deviation of amplitude
characterize the loudness level of the drilling sound. Appar-
ent power represents the power of the acoustic signals. In the
evaluation, these characteristics can be calculated within the
whole range or a partial range of the frequency of the
acoustic samples. The range 1s selected to achieve the
maximum difference of these characteristics among different
lithologies.

The derived acoustic characteristics 413 can be used
directly for certain applications, such as lithology type
identification, formation boundary determination repre-
sented by example at 422. FIG. 11 illustrates results of a
laboratory experiment showing that the mean frequency and
normalized deviation of frequency correlated well with
different lithology types. Accordingly, a comparison of the
acoustic characteristics 413 to those of a sample having
known acoustic characteristics can yield a lithology identi-
fication of the rock presently encountered by the drill bat
101, real-time, during dnilling operations.

According to the exemplary configuration, an either bit-
specific or bit-independent petrophysical properties evalua-
tion algorithm 442 can be employed to evaluate the filtered
FFT data 433 to determine petrophysical properties 415 of

the rock undergoing drilling. U.S. patent application Ser. No.
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13/554,0°77, filed on Jul. 20, 2012, titled “Apparatus, Com-
puter Readable Medium, and Program Code for Evaluating

Rock Properties While Drilling Using Downhole Acoustic

Sensors and a Downhole Broadband Transmitting System,”
and U.S. patent application Ser. No. 13/554,369, filed on Jul.
20, 2012, titled “Methods of Evaluating Rock Properties
While Dnlling Using Downhole Acoustic Sensors and a
Downhole Broadband Transmitting System,” each incorpo-
rated herein by reference 1n 1ts entirety, collectively describe
apparatus for and methods of bwlding the petrophysical
properties evaluation algorithm 442 for both a specific drll
bit 101 and a drill bit independent scenario.

Application of the Results from the Processed Acoustic
Signal.

One direct result 1s the frequency distribution 411 (FIG.
8), which may be used directly in lithology type 1dentifica-
tion, formation boundary determination, etc. FIGS. 9A and
9B, for example, show the unique frequency distribution of
two different types of carbonates. Further, FIG. 10 illustrates
a three dimensional depiction of the frequency distribution
in correlation with various lithology types. The figures
illustrate that the frequency distribution can be used 1n the
lithology type 1dentification from matching a detected/de-
termined frequency distribution with a frequency distribu-
tion provided by a core sample or other rock sample of
known lithology type.

FIG. 11 demonstrates the feasibility of using acoustic
characteristics 413 (FIG. 8) to derive lithology information/
identification. For example, as described above, mean fre-
quency and normalized deviation of frequency can be cal-
culated from FFT data of the dnlling sounds of rock
encountered during drilling operations. The figure demon-
strates how the lithology types can be distinguished by the
combination of the two characteristics: mean frequency and
the normalized deviation of {frequency. If mean amplitude,
normalized deviation of the amplitude, and apparent power
are also used, an even better result may be achieved. The
figure also mherently demonstrates that formation boundar-
1ies can be determined from acoustic characteristics.

Further, the above identified U.S. patent application Ser.
No. 13/554,077, titled *“Apparatus, Computer Readable
Medium, and Program Code for Evaluating Rock Properties
While Drilling Using Downhole Acoustic Sensors and a
Downhole Broadband Transmitting System,” demonstrates
the feasibility of building a petrophysical properties evalu-
ation algorithm 442, which can be used to evaluate pro-
cessed forms of the sound generated by operationally engag-
ing the drilling bit 101 with the rock being drilled.

Various embodiments of the present invention provide
several advantages. For example, various embodiments of
the present invention beneficially provide a means to iden-
tify lithology type and physical properties, truly in real-time,
using the drive shaft/drive shaft extension-mounted acoustic
sensors. This advantage makes various embodiments of the
present invention ideal in the applications of (1) horizontal
and lateral well drill steering and (2) locating the relative
position for setting the casing shoe at a much higher preci-
sion. Various embodiments can also be used to (3) detect
fractured zones; and (4) mterpret rock lithologies and petro-
physical properties. Various embodiments of the present
invention beneficially supply additional information for
evaluating petrophysical properties of the rocks, such as
porosity, strength, and presence of hydrocarbons, besides
conventional logs, through the utilization of data obtained
through the analysis of acoustic signals to evaluate these
petrophysical properties. Such data can beneficially be
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beyond that which can be conventionally supplied real-time,
particularly without the use of a LWD tool.

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 13/554,470, filed on Jul. 20, 2012, titled
“Methods For Evaluating Rock Properties While Drilling
Using Drnilling Rig-Mounted Acoustic Sensors,” which
claims priority to and the benefit of U.S. Provisional Patent
Application No. 61/539,213, filed on Sep. 26, 2011, titled
“Methods For Evaluating Rock Properties While Drilling
Using Drlling Rig-Mounted Acoustic Sensors,” the contents
both of which are incorporated herein by reference 1n their
entireties. This application 1s related to U.S. patent applica-
tion Ser. No. 13/554,369, filed on Jul. 20, 2012, titled
“Methods of Evaluating Rock Properties While Drilling
Using Downhole Acoustic Sensors and a Downhole Broad-
band Transmitting System”™; U.S. patent application Ser. No.
13/554,019, filed on Jul. 20, 2012, titled “Apparatus, Com-
puter Readable Medium, and Program Code for Evaluating
Rock Properties While Drilling Using Downhole Acoustic
Sensors and Telemetry System”; U.S. patent application Ser.
No. 13/553,958, filed on Jul. 20, 2012, titled “Methods of
Evaluating Rock Properties While Drilling Using Downhole
Acoustic Sensors and Telemetry System™; U.S. patent appli-
cation Ser. No. 13/554,298, filed on Jul. 20, 2012, titled
“Apparatus for Evaluating Rock Properties While Drilling
Using Drilling Rig-Mounted Acoustic Sensors™; U.S. patent
application Ser. No. 13/554,0°77, filed on Jul. 20, 2012, titled
“Apparatus, Program Product, and Methods of Evaluating
Rock Properties While Drilling Using Downhole Acoustic
Sensors and a Downhole Broadband Transmitting System’™;
U.S. Provisional Patent Application No. 61/539,201, titled
“Apparatus For Evaluating Rock Properties While Drilling
Using Dnlling Rig-Mounted Acoustic Sensors,” filed on
Sep. 26, 2011; U.S. Provisional Patent Application No.
61/539,165, titled “Apparatus And Program Product For
Evaluating Rock Properties While Drilling Using Downhole
Acoustic Sensors And Downhole Broadband Transmitting
System,” filed on Sep. 26, 2011; U.S. Provisional Patent
Application No. 61/539,171, titled “Methods Of Evaluating
Rock Properties While Drilling Using Downhole Acoustic
Sensors And A Downhole Broadband Transmitting System,”
filed on Sep. 26, 2011; U.S. Provisional Patent Application
No. 61/539,242, titled “Apparatus And Program Product For
Evaluating Rock Properties While Drilling Using Downhole
Acoustic Sensors And Telemetry System,” filed on Sep. 26,
2011; and U.S. Provisional Patent Application No. 61/339,
246, titled “Methods Of Evaluating Rock Properties While
Drilling Using Downhole Acoustic Sensors And Telemetry
System,” filed on Sep. 26, 2011; the contents all of which are
incorporated herein by reference 1n their entireties.

In the drawings and specification, there have been dis-
closed a typical preferred embodiment of the invention, and
although specific terms are employed, the terms are used 1n
a descriptive sense only and not for purposes of limitation.
The invention has been described 1n considerable detail with
specific reference to these 1llustrated embodiments. It will be
apparent, however, that various modifications and changes
can be made within the spirit and scope of the invention as
described 1n the foregoing specification.

The mvention claimed 1is:

1. A method of determining rock properties engaged by a
drill bit during dnlling operations, the method comprising
the steps of:

deriving a plurality of acoustic characteristics from an

acoustic sensor data signal, the plurality of acoustic
characteristics including mean frequency, mean ampli-
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tude, normalized deviation of frequency, normalized
deviation of amplitude, and apparent power; and

correlating the mean frequency, the mean amplitude, the
normalized deviation of frequency, the normalized
deviation of amplitude, and the apparent power with
the same types of acoustic characteristics of a rock
sample of known lithology type to 1dentily, in real time,
one or more of (1) lithology type, and (11) one or more
petrophysical properties of rock engaged by a drill bit
during drilling operations,

wherein the acoustic sensor data signal 1s derived from an
acoustic signal recording and transmitting system

including an acoustic sensor, and
wherein the acoustic signal recording and transmitting

system comprises an inductive telemetry system, the

inductive telemetry system including:

a stationary pickup configured to receive the acoustic
sensor data signal from the acoustic sensor through
an electromagnetic coupling and to supply electric
power to the acoustic sensor via the electromagnetic
coupling; and

a receirver positioned to recerve the acoustic sensor data
signal from the pickup and to transmit the acoustic
sensor data signal to a data acquisition unit.

2. A method as defined 1n claam 1, the method further
comprising the steps of:
derniving a frequency distribution from acoustic data con-
tamned within the acoustic sensor data signal; and
correlating the frequency distribution of the acoustic

sensor data signal with a frequency distribution of a

rock sample of known lithology type to 1dentify, real-

time, the lithology type of rock engaged by the drill bit
during drilling operations.

3. A method as defined 1n claim 1, the method further

comprising the steps of:

deriving a petrophysical properties evaluation algorithm
to predict the one or more petrophysical properties of
rock engaged by the drill bit during drilling operations;

encoding the derived petrophysical properties evaluation
algorithm 1n a computer program; and

employing the computer program to predict the one or
more petrophysical properties of rock engaged by the
drill bit during drilling operations from acoustic data
contained within the acoustic sensor data signal.

4. A method as defined 1n claim 3, the method further

comprising the steps of:

digitizing acoustic data contained within the acoustic
sensor data signal, thereby to generate digitized acous-
tic data;

transforming the digitized acoustic data into Fast Fourier
Transtorm (FFT) data by a Fast Fourier Transforma-
tion;

filtering the FFT data to remove unwanted data points,
thereby to generate filtered FFT data, the unwanted data
points including one or more of (a) high frequency data,

(b) low frequency data, and (c¢) low amplitude data; and

utilizing a frequency distribution defined by the filtered

FFT data to identify, in real time, one or more of (1) the

lithology type, and (11) the one or more petrophysical

properties of the rock engaged by the drill bit during
drilling operations.
5. A method as defined in claim 1, wherein the data
acquisition unit 1s configured to:
receive the acoustic sensor data signal from the recerver;
sample the received acoustic sensor data signal;
digitize the sampled acoustic sensor data signal; and
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transmit the digitized acoustic sensor data signal to a
computer.

6. A method of determining rock properties engaged by a

drill bit during drilling operations, the method comprising
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recerving an acoustic sensor data signal from an acoustic

signal recording and transmitting system by a com-
puter, the acoustic sensor data signal representing an
acoustic signal generated real-time by an acoustic sen-
sor as a result of rotational contact of the drill bit with
rock during drlling;

deriving a petrophysical properties evaluation algorithm

to predict one or more petrophysical properties of rock

engaged by the drill bit during drilling operations and

encoding the dernived petrophysical properties evalua-

tion algorithm into a subroutine for a petrophysical

properties analyzing program, the petrophysical prop-

erties evaluation algorithm including the steps of:

transforming acoustic signal data using a Fast Fourier
Transtormation thereby to convert the acoustic sig-
nal data to frequency domain data, and

filtering the frequency domain data to remove fre-
quency domain data produced from sources other
than rock engaged by the drill bit during drilling
operations thereby to create filtered data;

deriving a plurality of acoustic characteristics from the

filtered data, the plurality of acoustic characteristics

including mean frequency, mean amplitude, normal-
1zed deviation of frequency, normalized deviation of
amplitude, and apparent power;

correlating the mean frequency, the mean amplitude, the

normalized deviation of frequency, the normalized
deviation of amplitude, and the apparent power with
the same types of the acoustic characteristics of a rock
sample of a known lithology type to i1dentily, in real-
time, one or more of the following: the lithology type
and the one or more petrophysical properties of the
rock engaged by the drill bit during drilling operations;
and

employing the encoded petrophysical properties evalua-

tion algorithm to predict the one or more petrophysical

properties of rock engaged by the drill bit during
drilling operations from the acoustic data contained
within the acoustic sensor data signal,

wherein the acoustic signal recording and transmitting

system comprises an inductive telemetry system, the

inductive telemetry system including:

a stationary pickup configured to receive the acoustic
sensor data signal from the acoustic sensor through
an electromagnetic coupling and to supply electric
power to the acoustic sensor via the electromagnetic
coupling; and

a receiver positioned to recerve the acoustic sensor data
signal from the pickup and to transmit the acoustic
sensor data signal to a data acquisition unit.

7. A method as defined 1in claim 6, wherein the data
acquisition unit 1s configured to:

receive the acoustic sensor data signal from the receiver;

sample the received acoustic sensor data signal;

digitize the sampled acoustic sensor data signal; and

transmit the digitized acoustic sensor data signal to the

computer.

8. A method of determining rock properties engaged by a
drill bit during dnlling operations, the method comprising
the steps of:

deriving a plurality of acoustic characteristics from an

acoustic sensor data signal, the plurality of acoustic
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characteristics including mean frequency, mean ampli-

tude, normalized deviation of frequency, normalized

deviation of amplitude, and apparent power; and

correlating the mean frequency, the mean amplitude, the
normalized deviation of frequency, the normalized
deviation ol amplitude, and the apparent power with
the same types of acoustic characteristics of a rock
sample of known lithology type to 1dentily, in real time,
one or more of (1) lithology type, and (i1) one or more
petrophysical properties of rock engaged by a drill bit
during drilling operations,

wherein the acoustic sensor data signal 1s derived from an

acoustic signal recording and transmitting system

including an acoustic sensor, and

wherein the acoustic signal recording and transmitting

system comprises a wireless telemetry system, the

wireless telemetry system comprising:

a wireless transmitter operably connected to or integral
with the acoustic sensor thereby to define a wireless
acoustic sensor, and

a wireless gateway configured to receive the acoustic
sensor data signal from the wireless acoustic sensor
and to transmit the acoustic sensor data signal or a
digitized form of the acoustic sensor signal to a
computetr.

9. A method as defined 1n claim 8, wherein the wireless
telemetry system further comprises a data acquisition unit
configured to:

sample the received acoustic sensor data signal;

digitize the sampled acoustic sensor data signal; and

transmit the digitized acoustic sensor data signal to the

computer.

10. A method of determining rock properties engaged by
a drill bit during drilling operations, the method comprising
the steps of:

deriving a plurality of acoustic characteristics from an

acoustic sensor data signal, the plurality of acoustic

characteristics including mean frequency, mean ampli-
tude, normalized deviation of frequency, normalized
deviation of amplitude, and apparent power; and

correlating the mean frequency, the mean amplitude, the
normalized deviation of frequency, the normalized
deviation of amplitude, and the apparent power with
the same types of acoustic characteristics of a rock
sample of known lithology type to 1dentily, in real time,
one or more ol (1) lithology type, and (11) one or more
petrophysical properties of rock engaged by a drill bit
during drilling operations,

wherein the acoustic sensor data signal 1s derived from an

acoustic signal recording and transmitting system

including an acoustic sensor, and

wherein the acoustic signal recording and transmitting

system comprises a wired transmitting system, the

wired transmitting system including:

a data acquisition unit configured to digitize acoustic
sensor signals recerved from the acoustic sensor and
to send the digitized acoustic sensor signals to a
computer, and

a wire extending between the acoustic sensor and the
data acquisition unit, the wire being secured 1nside a
service loop of a drill ng.

11. A method of determining rock properties engaged by
a drill bit during drilling operations, the method comprising
the steps of:

receiving an acoustic sensor data signal from an acoustic

signal recording and transmitting system by a com-

puter, the acoustic sensor data signal representing an
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acoustic signal generated real-time by an acoustic sen-

sor as a result of rotational contact of the drill bit with

rock during drlling;

deriving a petrophysical properties evaluation algorithm

to predict one or more petrophysical properties of rock

engaged by the drill bit during drilling operations and

encoding the dernived petrophysical properties evalua-

tion algorithm into a subroutine for a petrophysical

properties analyzing program, the petrophysical prop-

erties evaluation algorithm including the steps of:

transforming acoustic signal data using a Fast Fourier
Transtormation thereby to convert the acoustic sig-
nal data to frequency domain data, and

filtering the frequency domain data to remove {ire-
quency domain data produced from sources other
than rock engaged by the dnll bit during drilling
operations thereby to create filtered data;

deriving a plurality of acoustic characteristics from the

filtered data, the plurality of acoustic characteristics

including mean frequency, mean amplitude, normal-
1zed deviation of frequency, normalized deviation of
amplitude, and apparent power;

correlating the mean frequency, the mean amplitude, the

normalized deviation of frequency, the normalized
deviation of amplitude, and the apparent power with
the same types of the acoustic characteristics of a rock
sample of a known lithology type to identily, 1n real-
time, one or more of the following: the lithology type
and the one or more petrophysical properties of the
rock engaged by the drill bit during drilling operations;
and

employing the encoded petrophysical properties evalua-

tion algorithm to predict the one or more petrophysical

properties of rock engaged by the drill bit during
drilling operations from the acoustic data contained
within the acoustic sensor data signal,

wherein the acoustic signal recording and transmitting

system comprises a wireless telemetry system, the

wireless telemetry system comprising:

a wireless transmitter operably connected to or integral
with the acoustic sensor thereby to define a wireless
acoustic sensor, and

a wireless gateway configured to receive the acoustic
sensor data signal from the wireless acoustic sensor
and to transmit the acoustic sensor data signal or a
digitized form of the acoustic sensor signal to the
computer.

12. A method as defined 1n claim 11, wherein the wireless
telemetry system further comprises a data acquisition unit
configured to:

sample the received acoustic sensor data signal;

digitize the sampled acoustic sensor data signal; and

transmit the digitized acoustic sensor data signal to the

computer.

13. A method of determining rock properties engaged by
a drill bit during drilling operations, the method comprising
the steps of:

receiving an acoustic sensor data signal from an acoustic

signal recording and transmitting system by a com-
puter, the acoustic sensor data signal representing an
acoustic signal generated real-time by an acoustic sen-
sor as a result of rotational contact of the drll bit with
rock during drlling;

deriving a petrophysical properties evaluation algorithm

to predict one or more petrophysical properties of rock

engaged by the drill bit during drilling operations and
encoding the derived petrophysical properties evalua-
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tion algorithm into a subroutine for a petrophysical

properties analyzing program, the petrophysical prop-

erties evaluation algorithm including the steps of:

transforming acoustic signal data using a Fast Fourier
Transformation thereby to convert the acoustic sig-
nal data to frequency domain data, and

filtering the frequency domain data to remove Ire-
quency domain data produced from sources other

than rock engaged by the drill bit during drilling
operations thereby to create filtered data;
derniving a plurality of acoustic characteristics from the
filtered data, the plurality of acoustic characteristics
including mean frequency, mean amplitude, normal-
1zed deviation of frequency, normalized deviation of
amplitude, and apparent power;
correlating the mean frequency, the mean amplitude, the
normalized deviation of frequency, the normalized
deviation ol amplitude, and the apparent power with
the same types of the acoustic characteristics of a rock
sample of a known lithology type to i1dentily, in real-
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time, one or more of the following: the lithology type

and the one or more petrophysical properties of the

rock engaged by the drill bit during drilling operations;
and

employing the encoded petrophysical properties evalua-
tion algorithm to predict the one or more petrophysical
properties of rock engaged by the drill bit during
drilling operations from the acoustic data contained
within the acoustic sensor data signal,

wherein the acoustic signal recording and transmitting
system comprises a wired transmitting system, the
wired transmitting system including;:

a data acquisition unit configured to digitize acoustic
sensor signals receirved from the acoustic sensor and
to send the digitized acoustic sensor signals to the
computer, and

a wire extending between the acoustic sensor and the
data acquisition unit, the wire being secured 1nside a
service loop of a drill ng.
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